In type 2 diabetes (T2D), the most significant pathological change in pancreatic islets is amyloid deposits, of which a major component is islet amyloid polypeptide (IAPP), also called amylin. IAPP is expressed in β-cells and co-secreted with insulin. Together with the inhibitory effects of synthetic human IAPP (hIAPP) on insulin secretion, our studies, using hIAPP transgenic mice, in which glucose-stimulated insulin secretion was moderately reduced without amyloid deposit, and hIAPP gene-transfected β-cell lines, in which insulin secretion was markedly impaired without amyloid, predicted that soluble hIAPP-related molecules would exert cytotoxicity on β-cells. Human IAPP is one of the most aggregation-prone peptides that interact with cell membranes. While it is widely reported that soluble hIAPP oligomers promote cytotoxicity, this is still a hypothesis since the mechanisms are not yet fully defined. Several hIAPP transgenic mouse models did not develop diabetes; however, in models with backgrounds characterized for diabetic phenotypes, β-cell function and glucose tolerance did worsen, compared to those in non-transgenic models with similar backgrounds. Together with these findings, many studies on metabolic and molecular disorders induced by risk factors of T2D suggest that in T2D subjects, toxic IAPP oligomers accumulate in β-cells, impair their function, and reduce mass through disruption of cell membranes, resulting in β-cell failure. IAPP might be central to β-cell failure in T2D. Anti-amyloid aggregation therapeutics will be developed to create treatments with more durable and beneficial effects on β-cell function.
Introduction
Type 2 diabetes mellitus (T2D) is a progressive disease in which poor glycemic control is exacerbated over time and pancreatic β-cell function declines [1, 2] . Most patients require oral antidiabetic drugs in addition to lifestyle intervention, although it remains difficult for them to achieve normoglycemic levels. The majority of patients eventually need the insulin therapy despite treatment by multiple oral antidiabetic drugs [3, 4] .
In October 2013, the Global Partnership to Accelerate Diabetes Research, cosponsored by the Endocrine Society and the American Diabetes Association, assembled international experts to examine the foundation of β-cell failure in T2D and to suggest areas for future research on the underlying mechanisms that may lead to improved prevention and treatment [5] . β-Cell failure is a multifactorial process involving many impairments. It remains unclear which pathway is the major process inducing failure. A single molecule, including islet amyloid polypeptide (IAPP), also called amylin, could have risk effects inducing a multifactorial process via a feed-forward loop. In this review, we will discuss the possibility of IAPP, related intermediates, or islet amyloid to induce β-cell failure through a multifactorial process in subjects with risk factors for T2D, presenting the recent research progress made.
Islet amyloid and the human IAPP gene and molecule
In T2D, the most significant pathological change in pancreatic islets is amyloid deposits [6] . Islet amyloid deposits are observed in 70-90% of T2D patients over 40 years of age [7] . A major component of islet amyloids is IAPP, a 37-amino acid peptide [8, 9] . We reported that IAPPderived amyloid deposits were found in 76% of Japanese T2D patients and increased with the duration of the disease by immune-histochemical techniques using two specific antibodies to hIAPP [10] , while a report showed that islet amyloid identified by Congo-red staining was positive in 32 cases (27.1%) in 118 Japanese diabetic patients [11] . The different prevalence of amyloid deposits may be due to the sampling of patients or the method used for survey of the presence of islet amyloids. Amyloid fibrils typically are 5-15 nm in width, are unbranched, are straight over distances approaching 1 micron, and are often many microns long [10, 12] . They contain "cross-β" structures, which are ribbon-like β sheets in which β strand segments run approximately perpendicular to the fibril growth direction. Although these ideas have been studied extensively for amyloid beta (Aβ) and α-synuclein, similar ideas apply to all most proteins whose aggregation is associated with degenerative diseases, including IAPP. Amyloid fibrils are generally polymorphic at the molecular level, with a given peptide or protein being capable of forming a variety of distinct, self-propagating fibril structures [12] .
The single gene encoding IAPP in humans is located on the short arm of chromosome 12, and human IAPP (hIAPP) precursors are 89 amino acids in length, and human prepro-IAPP has a typical signal peptide of 22 amino acids followed by a propeptide containing the mature IAPP [13] [14] [15] . In humans, cats, and non-human primates, islet amyloid deposits develop in connection with diabetes, whereas no such deposits form in rodents [15] . The amino acid sequence of the central part of IAPP, residues 20-29, varies among species and, therefore, amyloid deposition is considered to be related to this region of the molecule [16, 17] (Fig. 1) . The human IAPP molecule itself is responsible for aggregation to amyloid fibrils.
IAPP synthesis and the secretory pathway
IAPP is expressed in pancreatic β-cells and is co-secreted with insulin in response to glucose [18, 19] . Prepro-IAPP assembled in the endoplasmic reticulum is processed to its mature 37-amino acid from within the secretory pathway [20] . IAPP is found in the halo region of mature secretory granules, whereas hexameric insulin, together with zinc, constitutes the core of the granules [21] . We also observed the production and secretion of IAPP in β-cell line, MIN6, which expresses the glucose transporter isoform, GLUT2, and retains glucose-inducible insulin secretion [22, 23] . The cells secrete IAPP and insulin in response to rising glucose concentrations but fail, however, to induce increments in IAPP and insulin II mRNA, suggesting that glucose regulates proIAPP synthesis by translational control as well as proinsulin synthesis [23, 24] . Alternatively, the low glucose concentration may maximally stimulate transcription of the IAPP gene, as reported by some studies that glucose has a stimulatory effect on transcription of the insulin gene in insulin-producing cell lines [25, 26] .
Increase of IAPP synthesis along with aging and under obese and diabetic conditions
IAPP content and secretion in the pancreatic islet cells increase in addition to insulin in obese and diabetic rodent models, including ventromedial hypothalamic-lesioned obese rats, genetically obese Zucker rats [27] , and genetically obese and diabetic mice, both ob/ob and db/db mice [28] . Also, IAPP contents change with increasing age in genetically obese and diabetic mice [29] . Thus, the aberrant biosynthesis and secretion of IAPP may be related to obese and diabetic conditions and change the course of obesity and diabetes. In the case of humans, because of amyloidogenicity, aberrant biosynthesis and secretion may contribute, in part, to the formation of islet amyloid deposits and to the impairment of β-cell function in subjects with T2D. Fig. 1 Comparison of predicted amino acid sequences for human, cat, rat, mouse, and guinea pig IAPP precursors. The IAPP moiety is boxed. The length of each precursor (number of amino acids) is given in parentheses. The predicted boundaries of the signal peptide and N and C-terminal propeptides are indicated. Dashes indicate amino acid residues that are identical to the human sequence. Colons indicate gaps that were inserted to generate this alignment. Cited from Nish et al. [16] Inhibitory effect of synthetic hIAPP on insulin secretion Studies on the effect of hIAPP on insulin secretion have been performed, yielding interesting, however, contradictory results [30] . In 1989, we reported that high doses of synthetic hIAPP (10 μM) inhibited glucose-stimulated insulin secretion from isolated rat pancreatic islets, proposing that the abnormal secretion and deposition of IAPP may be involved in impaired insulin secretion in T2D [31] (Fig. 2a) . In the 1990s, several investigators reported inhibition of insulin secretion [32, 33] , while others reported no inhibitory effect of IAPP on insulin release [34, 35] . A study showed that at very high plasma concentrations, IAPP affected the insulin response to glucose load in humans, suggesting that IAPP appears unlikely to be a circulating hormone influencing carbohydrate metabolism [36] . At that time, there was no definitive explanation for these varying results and it was later speculated that, at those early dates, the strong tendency for hIAPP to aggregate into amyloid-like fibrils had not been taken into consideration [30] . Thus, the reported effects of early IAPP preparations may be questioned [30] . Alternatively, β-cell dysfunction might be induced by high local concentrations of hIAPP that can be attained near the plasma membrane of β-cells via its co-secretion with insulin, implying that high concentrations of hIAPP might be necessary to induce β-cell toxicity. A recent study showed that the addition of hIAPP oligomers (100 nM-10 μM), concentrations which reflect the local concentration of hIAPP secreted from the granules, decreased in a dose-dependent manner pancreatic RIM-m cell viability and induced apoptosis [37] .
Studies on the diabetogenic role of hIAPP using transgenic hIAPP mouse models and hIAPP gene-transfected β-cell lines
To investigate the diabetogenic role of hIAPP, several transgenic mouse models for hIAPP had been developed [38] but the models did not develop diabetes. Also, insulin concentrations in the peripheral blood did not differ from those in control mice [39] [40] [41] . However, we observed a moderate reduction of glucose-stimulated insulin secretion in islets isolated from the transgenic mice, which developed fibril-like materials in secretory granules but did not develop amyloid deposits and diabetes [41, 42] (Fig. 2b) . To confirm the impairment of insulin secretion via aberrant expression of hIAPP in pancreatic β-cells, we tried to make an hIAPP-gene-transfected β-cell line which expresses the glucose transporter isoform, GLUT2, and retains glucose-inducible insulin and IAPP secretion [22, 23] . Inhibitory effect of synthetic hIAPP on insulin secretion. Islets isolated from rats were incubated with glucose, and 16.7 mM glucoseinduced insulin secretion was inhibited by 10 μM synthetic hIAPP [31] . b Impaired insulin secretion in hIAPP transgenic lean mice. Islets isolated from the transgenic mice were incubated with glucose, and 16.7 mM glucose-induced insulin secretion was moderately reduced [41, 42] . Glucose tolerance of intraperitoneal glucose tolerance test (ipGTT) was normal (see Fig. 3b ), and islet amyloid deposit was absent in the transgenic mice (see Fig. 3c ). c Impaired insulin secretion in β-cell line aberrantly expressing hIAPP. Human IAPP is aberrantly expressed without amyloid fibrils and amyloid deposits in transformed mouse β-cell (MIN6) transfected with hIAPP cDNA, and 16.7 mM glucose-induced insulin secretion was markedly reduced in the clones transfected with hIAPP cDNA [42] In the β-cell line model, glucose-stimulated insulin secretion was markedly impaired without amyloid deposits, concluding that aberrant expression of hIAPP induced the impairment of insulin secretion without depositing amyloid [42] (Fig. 2c) . Our studies using hIAPP transgenic mice and an hIAPP-transfected β-cell line strongly predicted that soluble hIAPP-related molecules aberrantly produced in β-cells had cytotoxic effects on the cell [41, 42] . These reported mouse models expressing hIAPP were heterozygous transgenic mice [39] [40] [41] [42] . To demonstrate the effect of an increased burden of hIAPP, homozygous transgenic mice with high rates of expression of hIAPP were developed and the transgenic mice spontaneously developed diabetes, associated with impaired insulin secretion and amorphous IAPP aggregates [43] . Together with the inhibitory effects of high doses of hIAPP on insulin secretion [31] [32] [33] 37] , these studies suggest that aberrantly expressed hIAPP induces the impairment of insulin secretion, possibly via the cytotoxic effects of hIAPP or the soluble IAPP-related molecules in β-cells.
Cytotoxicity and soluble hIAPP oligomers
It has been suggested that insoluble amyloid deposits serve as major pathological agents in degenerative disorders, including Alzheimer's disease (AD), Parkinson's disease, and T2D. However, recent studies have demonstrated that the number of amyloid deposits does not parallel disease severity and that associated peptide Aβ oligomers are, in fact, more toxic than the mature amyloid fibrils in AD, suggesting that aberrant aggregation of protein into insoluble amyloid fibrils is implicated in these diseases [44] [45] [46] . All the soluble oligomers, including Aβ oligomers and hIAPP oligomers, display a common conformation-dependent structure and the in vitro toxicity of soluble oligomers is inhibited by oligomer-specific antibodies, suggesting that the different types of soluble amyloid oligomers have a common structure and they share a common mechanism of cytotoxicity [47] . The corresponding amyloid aggregates display common features, such as the characteristic cross-β structure of the fibrils and cytotoxicity caused by either fibrils or intermediate oligomers, suggesting common amyloid mechanisms [48] . Human IAPP, one of the most aggregation-prone peptides, spontaneously forms amyloid aggregates in vitro within hours at μM concentrations [49] .
Toxic hIAPP oligomers and disruption of cell membranes
Human IAPP interacts with negatively charged membranes and this interaction can drastically accelerate misfolding, which is a prerequisite for hIAPP toxicity [50] . The membrane interface of hIAPP has been shown to be mediated by an α-helical structure in the first 20 residues of this peptide [51] . The α-helical structure has important implications for anchoring hIAPP to membranes [52] . The α-helical segment of hIAPP, residues 5-17, is positioned within the hydrophobic lipid environment, whereas the amyloidogenic segment, residue 20-29, is at the interface between the lipid and solvent. Coupling between the two segments might mediate the transition to a toxic structure [53] . The α-helical structure drives the early stages of self-assembly for amyloidogenic hIAPP aggregate formation in membranes [54] . A recent study showed that α-helical hIAPP oligomers induced permeable pores in lipid membranes [55] . It has been speculated that the α-helical structure might be important for hIAPP membrane interactions, leading to high local concentrations and, in turn, promoting intermolecular β-sheet formation and IAPP oligomers, in which toxic oligomers disrupt cell membranes in β-cells. However, there has been considerable debate in the literature as to the primary hIAPP conformation that induces β-cell toxicity [56] . Despite extensive in vitro studies, the process of hIAPP aggregation in vivo is poorly understood, though it is widely reported to promote cytotoxicity. Evidence both for and against toxic hIAPP oligomer hypothesis has been presented; it is apparent that what exactly causes β-cell failure when hIAPP aggregates are still under debate [12, [56] [57] [58] [59] . It has been reported that the relationship between IAPP aggregation and toxicity is not simple as both the fresh hIAPP molecules and fully formed fibers showed minimal toxicity [60, 61] , and islet amyloid was more common with severe β-cell loss, associated with macrophage infiltration [11] .
Human IAPP species and mechanisms of cytotoxicity
A recent review article described that the mechanisms of cytotoxicity are not fully defined and multiple mechanisms for hIAPP induction of β-cell toxicity have been proposed [57] , including the ability to perturb membranes, to induce ER stress, to cause defects in autophagy, and to induce inflammatory responses. A recent study showed that fresh and oligomeric hIAPP, as well as mature amyloid, enhanced membrane fluidity and caused losses in cell viability [60] . A study showed that whereas the in-register β strands were perpendicular to the fibril axis, out-of-register β-strands were at an angle of ~ 50° from the perpendicular and that out-of-register amyloid β-sheets and their related cylindrins were part of a toxic amyloid pathway [62] . ER stress has been proposed to be an important contributor to hIAPPinduced β-cell death and exogenously added hIAPP has been reported to induce ER stress [63, 64] . A study showed the protective potential of autophagy for hIAPP-mediated cellular dysfunction, suggesting the involvement of IAPP in autophagy-lysosomal degradation [65] . Human IAPP was reported to activate the NLRP3 inflammasome, inducing a mechanism for enhanced IL-1β in T2D [66] . The mechanism of IAPP oligomerization and amyloid formation is not fully understood due to limitations in the current methodology to characterize hIAPP species and also the mechanisms of cytotoxicity are not fully defined despite extensive investigations.
Studies using hIAPP transgenic rodent models with backgrounds characterized for diabetic phenotypes
Interestingly, hIAPP transgenic mice did not develop diabetes [39] [40] [41] , while glucose-stimulated insulin secretion was moderately reduced [41, 42] , suggesting that aberrantly expressed hIAPP may moderately impair β-cell function but does not induce β-cell failure and, consequently, does not induce diabetes. However, transgenic mice developed diabetes after treatment with diabetogenic drugs associated with impaired insulin secretion and amorphous IAPP aggregates [67] . We produced hIAPP transgenic ob/ob mice by mating a female C57BL/6J mouse transplanted with an ovary of a C57BL/6J ob/ob mouse and a male hIAPP transgenic mouse in which glucose-stimulated insulin secretion was moderately reduced but glucose tolerance was normal [41, 42] (Fig. 3a) . We observed that glucose tolerance was worse in hIAPP transgenic ob/ob mice than that in non-transgenic ob/ ob mice, while glucose tolerance was normal in both hIAPP transgenic and non-transgenic lean mice (Fig. 3b) . Amyloid deposits were absent in the pancreatic islets of both transgenic ob/ob and lean mice (Fig. 3c) , again suggesting that soluble hIAPP-related molecules aberrantly produced in β-cells had cytotoxic effects on the cell. The ob/ob mice were grossly overweight and had hyperglycemia, hyperlipidemia, insulin resistance, large islets containing mostly β-cells, marked mitotic figures, and fat accumulation [68] . These phenotypes could enhance the potential of hIAPP cytotoxicity in β-cells. It was also reported that extensive islet amyloid formation, insulin insufficiency, and hyperglycemia were observed in hIAPP transgenic ob/ob mice [69] . A study showed that hIAPP-expressing A vy / a (agouti variable yellow) male mice progressed to severe hyperglycemia relative to their non-transgenic counterparts and induced β-cell apoptosis, suggesting that insulin resistance can induce overt, slow Worse glucose tolerance in human IAPP (hIAPP) transgenic ob/ob mice. a We produced hIAPP transgenic ob/ob mice by mating a female C57BL/6J mouse transplanted with an ovary of a C57BL/6J ob/ob mouse and a male hIAPP transgenic mouse in which glucosestimulated insulin secretion was moderately reduced but glucose tolerance was normal [41, 42] . b Glucose tolerance of intraperitoneal glucose tolerance test (ipGTT) worsened in hIAPP transgenic ob/ob mice more so than that in non-transgenic ob/ob mice (plasma glucose at 0 and 30 min after the load was higher in hIAPP transgenic ob/ob mice than that in non-transgenic ob/ob mice. *P < 0.01; Student's t test), while glucose tolerance was normal in both hIAPP transgenic and non-transgenic lean mice. c Immuno-histochemical study using anti-hIAPP antibody showed that hIAPP was expressed in the pancreatic β-cells of both transgenic ob/ob and lean mice, and amyloid deposits were absent in the pancreatic islets of both transgenic mice onset diabetes associated with islet amyloid and increased β-cell apoptosis [70, 71] . Human IAPP-knock-in mice with a β-cell-specific autophagy defect had substantial deterioration of glucose tolerance, indicating that reduced autophagy may enhance the toxic potential of hIAPP and enhance β-cell dysfunction and progression of T2D [72] . Mice expressing β-cell hIAPP and lacking β-cell ABCA1, hIAPP Tg/o Abca1 βKO mice, had increased islet cholesterol, accompanied by fasting hyperglycemia, glucose intolerance, impaired insulin secretion, and increased amyloid area, suggesting that elevations in islet cholesterol may lead to an increase in IAPP aggregation and islet amyloid formation, further worsening β-cell function and glucose homeostasis [73] . Interestingly, in these transgenic mice with backgrounds characterized for diabetic phenotypes, including obesity, hyperglycemia, hyperlipidemia, insulin resistance, islet fat accumulation and defects in unfolded protein removal, glucose tolerance, and β-cell function worsen possibly because of the enhanced potential for hIAPP cytotoxicity in β-cells.
Human IAPP processing within the secretory pathway of normal β-cells (Fig. 4) In non-diabetic subjects, Prepro-IAPP is first inserted into the endoplasmic reticulum (ER). Within the ER, secretory proteins are properly folded, modified, and assembled into multiprotein complexes in the ER before they traffic further downstream in the secretory pathway [74] . Notwithstanding the effort of the protein-folding machinery, a substantial fraction of the protein fails to fold properly in the ER. Incompletely folded forms are disposed of through discriminating quality-control systems. Unfolded proteins are removed to the cytosol by subsequent ubiquitination and degradation by the 26S proteasome and also disposed through autophagy [74] [75] [76] . Prepro-IAPP molecules are assembled and incompletely folded forms are disposed of through these systems. Then, prepro-IAPP is processed to its mature 37-amino acid form within the secretory Fig. 4 Possible mechanisms for the increase of toxic IAPP oligomers in β-cells in diabetic subjects. In β-cells of non-diabetic subjects with less common genetic variants and clinical risk factors of T2D, production of IAPP molecules and oligomers, including toxic IAPP oligomers, might be low. In β-cells of diabetic subjects with more common genetic variants and clinical risk factors of T2D, production of IAPP molecules and oligomers, including toxic IAPP oligomers, is largely influenced by the risk factors of T2D, including T2D susceptibility genes, aging, obesity, insulin resistance, hyperglycemia, and dyslipidemia. See Table 1 pathway [20] ; IAPP is found in the halo region of the mature secretory granules [21] . In vitro studies revealed that hIAPP aggregates readily at μM concentrations [77] . However, the peptide is stored in β-cell granules at mM concentrations without apparent formation of amyloid aggregations in healthy individuals [78] . Environmental conditions in β-cell granules, e.g., low pH, high concentrations of zinc ions, and insulin molecules, inhibit the formation of IAPP aggregates [79, 80] . IAPP is co-secreted with insulin in response to glucose and exerts physiological roles as a satiation hormone in the control of food intake and energy expenditure [18, 19, 81] . (Table 1) T2D is a metabolic and molecular disorder resulting from common genetic variants and clinical risk factors of diabetes. Genome-wide association studies (GWAS) have discovered more than seventy entirely new T2D loci, clearly suggesting that association is not limited to a few candidate genes but many genes are involved in disease pathogenesis [82, 83] . Aging is characterized by a progressive loss of physiological integrity, which is the primary risk factor for major human pathologies, including diabetes and neurodegenerative diseases [84] . Insulin resistance is associated with a cluster of co-morbidities, including obesity, dyslipidemia, and hypertension [85] . Also, β-cells are adversely influenced by dyslipidemia [86] . Chronic exposure to hyperglycemia can lead to β-cell dysfunction that may become irreversible over time, a process that is termed glucotoxicity [87] .
Risk factors of T2D and β-cell dysfunction

Aberrant biosynthesis of hIAPP in subjects with obesity, insulin resistance, and hyperglycemia
As shown in Fig. 4 and Table 1 , in subjects with risk factors of T2D, including obesity, insulin resistance, and hyperglycemia, IAPP synthesis might be increased in the early phase of the disease. Increased secretion of IAPP was observed in individuals with obesity or pre-diabetic insulin resistance [88, 89] , and islet amyloid volume was correlated with BMI [11] . These findings, together with increased IAPP content in the pancreatic islet cells of obese and diabetic rodent models [27, 28] and glucose-regulated proIAPP and proinsulin synthesis regulated by translational control [23, 24] , suggest that aberrant biosynthesis and secretion of IAPP might be related to obese and diabetic conditions. It seems likely that IAPP molecules are largely produced by obesity and insulin resistance as a consequence of both an unhealthy lifestyle and gene susceptibility, for example FTO, and hyperglycemia. Association of FTO with T2D was first discovered by a GWAS for obesity [82] and was later confirmed in replication studies [90, 91] . A common variant of FTO may be related to aberrant biosynthesis and secretion of IAPP with insulin. Human IAPP aberrantly biosynthesized is inserted into the ER and then processed within the secretory pathway. However, excess, misfolded hIAPP progressively aggregates, [102, 103] forming toxic IAPP oligomers. A study using an oligomer immunostaining method showed that toxic IAPP oligomers were present in human β-cells in T2D and, more frequently, with increasing obesity [63] .
Accumulation of toxic IAPP oligomers in the ER due to ER stress and insufficient unfolded protein response (UPR) caused by common variants in WFS1
When protein-folding demand in the ER exceeds capacity, aberrantly synthesized hIAPP molecules start to accumulate as incompletely modified and unfolded forms within the ER [74] . Human IAPP is one of the most aggregation-prone peptides and interacts with negatively charged membranes. This interaction can drastically accelerate misfolding [49, 50] . When the UPR in the ER and autophagy are impaired, the accumulation of hIAPP aggregates progresses even further. Wolfram syndrome is an autosomal recessive neurodegenerative disorder associated with juvenile-onset diabetes mellitus, progressive optic atrophy, sensorineural deafness, and diabetes insipidus [92] . WFS1 protein localizes primarily in the ER and is ubiquitously expressed at the highest levels in brain, pancreas, heart, and insulinoma β-cell lines [93, 94] . WFS1 is a component of the UPR and maintains homeostasis of the ER in pancreatic β-cells [95] . WFS1 was included in a list of candidate genes evaluated for association with T2D [82, 83, 96] . A study presented evidence that supported the role of common variants of WFS1 as modest contributors to diabetes risk and these variants act on pancreatic β-cells [97] . The Data from an Epidemiological Study on the Insulin Resistance Syndrome (DESIR) prospective study showed that allelic variations in the WFS1 gene reduced insulin secretion and the most frequent haplotype in the haplotype block containing the WFS1 gene was associated with an increased risk of diabetes [98] . Although the mechanism for the impairment of insulin secretion has not been elucidated, there is a possibility that IAPP aggregation is enhanced through ER stress due to an insufficient UPR caused by common variants of WFS1, increasing IAPP oligomers and, consequently, toxic IAPP oligomers in the ER (Fig. 4 and Table 1 ).
Disrupted protein homeostasis along with aging and the accumulation of IAPP oligomers
Aging and some aging-related diseases are linked to impaired protein homeostasis or proteostasis [99] . Proteostasis involves mechanisms for stabilization of correctly folded proteins and mechanisms for the degradation of proteins by the proteasome or the lysosome. There are regulators of agerelated proteotoxicity [84] and these systems function in a coordinated fashion to restore the structure of misfolded polypeptides or to remove and degrade them, thus preventing the accumulation of damaged components and assuring the continuous renewal of intracellular proteins. Proteostasis is altered with aging and chronic expression of unfolded, misfolded, or aggregated proteins contributes to the development of some age-related pathologies, such as AD and Parkinson's disease [99, 100] . It seems likely that along with the mechanisms for these neurodegenerative diseases, chronic expression of aggregated hIAPP contributes to the development of T2D under conditions of impaired proteostasis during aging (Figs. 4, 5 and Table 1 ). The activities of the autophagy-lysosomal system and the ubiquitin-proteasome system, the two principal proteolytic systems implicated in protein quality control, decline with aging [84, 101] . Decreased activities for stabilizing correctly folded proteins and degrading proteins by the proteasome or the lysosome, along with aging, might promote impaired protein homeostasis or proteostasis. Disrupted protein homeostasis or proteostasis might cause the accumulation of IAPP oligomers and consequently increase toxic IAPP oligomers, enhancing the toxic potential to the cell membranes of β-cells, as shown in Figs. 4, 5 and Table 1 .
Disruption of ER homeostasis by hyperglycemia and hyperlipidemia, and accumulation of IAPP oligomers
Physiological fluctuations in the protein-folding load of the ER are a unique translational response of β-cells to variations in blood glucose and blood glucose level changes, leading to a maximum 25-fold increase in proinsulin synthesis. Thus, proinsulin synthesis imposes a heavy biosynthetic burden upon the ER [102] . There are three transmembrane ER-proximal sensors of unfolded proteins that initiate UPR signaling: inositol-requiring protein 1 (IRE1), activating transcription factor 6 (ATF6), and PKP-like ER kinase (PERK). In β-cells, the extracellular glucose level modulates the activity of the UPR sensors; chronically high-glucose concentrations stimulate proinsulin production, leading to the consequence that proinsulin synthesis overcomes the ER folding machinery. There remains some controversy whether chronically high-glucose exposure itself actually causes severe ER stress [103] . Saturated long-chain free fatty acids (FFAs) induce ER stress and thereby cause β-cell failure and cell death, whereas unsaturated long-chain FFAs induce this to a lesser extent [102] . Chronic hyperglycemia and hyperlipidemia, known as important causative factors of T2D, disrupt ER homeostasis to induce unresolvable UPR activation in the ER [103] . This condition enhances the probability of protein misfolding. High glucose and saturated FFAs interfere with ER function, which subsequently disrupts proinsulin synthesis, folding, and processing in the secretory pathway. Thus, it seems likely that during hyperglycemia and hyperlipidemia, misfolded IAPP and IAPP oligomers increasingly accumulate in the ER lumen in β-cells, resulting in an increase of toxic IAPP oligomers and enhancement of the toxic potential of hIAPP in the ER (Fig. 4 and Table 1 ). The hypothesis that risk factors for T2D, including the common variants of genes associated with T2D, obesity, insulin resistance, hyperglycemia, and hyperlipidemia, promote toxic IAPP oligomer formation in the ER is supported by histological evidence for immunoreactivity to toxic oligomers present in ER membranes in the perinuclear region and in the peripheral ER cisternae of hIAPP transgenic mice and human T2D β-cells [63] .
Production of toxic IAPP oligomers in impaired secretory granules
Environmental conditions in β-cell granules, e.g., low pH, high concentrations of zinc ions, and insulin molecules, inhibit the formation of IAPP aggregates [79, 80] . β-Cell secretory granules are acidified through a proton gradient and are established and maintained by coordinated action between the H + -pumping vacuolar-type ATPase and ClC-3, a chloride ion channel [104, 105] . Also, WFS1 localizes not only to the ER but also to dense-core secretory granules in β-cells [106] . Intra-granular acidification is reduced in WFS1-deficient β-cells, indicating that WFS1 has the role of acidifying the secretory granules. WFS1 was included in a list of candidate genes evaluated for association with T2D [82, 83, 96] . It has been reported that allelic variations of the WFS1 gene act on pancreatic β-cells and reduce insulin secretion [97, 98] . Thus, there is a possibility that IAPP aggregation is enhanced due to insufficient acidification in the secretory granules, resulting in an increase of IAPP oligomers and toxic potentiation of hIAPP (Fig. 4 and Table 1 ). An earlier GWAS identified the SLC30A8 associated with increased T2D risks [107] . The gene encodes the zinc transporter, ZnT8, specific to β-cells [108] and a study using male ZnT8 −/− mice showed that the transporter was required for the normal accumulation of zinc by β-cell granules, for normal insulin crystallization and insulin release, suggesting that the defects in carriers of Trp325Arg mutation of ZnT8 may increase T2D risks [109] . Interestingly, a recent GWAS reported that a loss-of-function mutation of SLC30A8 protected against diabetes [110] . Loss-of-function of ZnT8 and subsequent Zn 2+ deficiency in β-cell granules shift the insulin-oligomer equilibrium toward insulin monomers and dimers, which bind IAPP monomers efficiently and prevent IAPP from self-association and aggregation, thus reducing T2D risk [80] . Because the function of ZnT8 and the concentration of Zn 2+ depends on the variant of the SLC30A8 gene, the IAPP aggregation state could be influenced by the granule function in T2D subjects with the variant SLC30A8 gene (Fig. 4 and Table 1 ). We observed fibril-like materials in the secretory granules of hIAPP transgenic mice, in which glucose-stimulated insulin secretion from isolated islets was moderately reduced, but they did not develop amyloid deposits and diabetes [41, 42] . It was recently reported that toxic IAPP oligomers were present in secretory granules of hIAPP transgenic mice and human β-cells [63] . These findings suggest that production of toxic IAPP oligomers in the secretory granules is, in part, via altered granule function caused by allelic variations in the WFS1 gene and the SLC30A8 gene.
In subjects with risk factors for T2D, accumulation of toxic IAPP oligomers and disruption of cell membranes during aging Again, the mechanism of IAPP oligomerization and amyloid formation is not fully understood due to limitations in the current methodology to characterize hIAPP species and also the mechanisms of cytotoxicity are not fully defined, despite extensive investigations. However, findings in studies using hIAPP transgenic rodents with backgrounds characterized for T2D phenotypes and studies on the metabolic and molecular disorders that are induced by common genetic variants and clinical risk factors for T2D suggest that, in subjects with risk factors of T2D, IAPP oligomers, toxic IAPP oligomers, and/or IAPP-derived islet amyloids progressively accumulate intracellularly in β-cells during aging and within islets, they impair β-cell function and reduce β-cell mass though multifactorial processes, possibly disrupting cell membranes and consequently altering the function of organelles, resulting in β-cell failure, as shown in Fig. 5a , b. It seems likely that IAPP is one of the peptides central to β-cell failure in T2D.
Studies on anti-amyloid aggregation therapeutics
Reducing IAPP molecule-related intermediates and the islet amyloid burden to improve β-cell survival has been the focus of a number of studies using different approaches. One approach is to discover natural products and small molecule inhibitors. Inhibition of IAPP aggregation was caused by the stabilization of small molecular weight IAPP oligomers by the polyphenols, curcumin and resveratrol, offering a general anti-aggregation mechanism for polyphenols and providing a computational framework for the future design of anti-amyloid aggregation therapeutics [111] . Epigallocatechin gallate (EGCG), a green tea extract, inhibits hIAPP aggregation by binding to hIAPP dimers, strongly blocking both the inter-peptide hydrophobic and aromatic-stacking interactions responsible for inter-peptide β-sheet formation and intra-peptide interactions crucial for β-hairpin, an amyloidogenic precursor, formation [112] . A water-miscible tetraphenylethene, BSPOTPE, was able to inhibit hIAPPinduced membrane damage by binding directly to the helical regions of hIAPP and forming oligomers with separated hydrophobic cores and hydrophilic shells, preventing membrane poration [55] . A novel tetraquinolin amide foldamer, ADM-166, has been developed to counter conformational transitions in IAPP [113] . ADM-166 is capable to cross the plasma membrane without assistance from cellular processes and antagonize toxicity long after uptake of IAPP, resulting in specific docking with intracellular IAPP, rescuing β-cells. The IAPP inhibitory peptide, D-ANFLVH, was shown to prevent islet amyloid accumulation in cultured human islets and this peptide, when administered by intraperitoneal injection into hIAPP transgenic mice, was a potent inhibitor of islet amyloid deposition, resulting in reduced islet apoptosis and preservation of β-cells, leading to improved glucose tolerance [114, 115] . A second approach is to exploit enzymes that are capable of degrading hIAPP. Upregulation of neprilysin in hIAPP transgenic mouse islets reduced amyloid deposition and β-cell apoptosis [116] . Inhibition of insulin-degrading enzyme (IDE) resulted in increased amyloidogenesis in β-cell lines and reduced cell viability when cells were incubated with synthetic hIAPP, suggesting a role for IDE in IAPP clearance and the prevention of IAPP aggregation [117] . Matrix metalloproteinases (MMPs) are proteolytic enzymes and MMP-9 is active in islets and cleaves hIAPP [118] . Adenoviral overexpression of MMP-9 in amyloid-prone islets reduced amyloid deposition and β-cell apoptosis, suggesting that increasing islet MMP-9 activity might be a strategy to limit β-cell loss in T2D [119] . In a third approach, antibodies hold significant potential for inhibiting toxic protein aggregation associated with conformational disorders, such as AD and Huntington's diseases [120, 121] . Grafting small amyloidogenic peptides into the complementarity-determining regions of a singledomain antibody yields potent domain antibody inhibitors of amyloid formation, and the antibody inhibitors presenting hydrophobic peptides of hIAPP inhibit fibril assembly of the peptide at low sub-stoichiometric concentrations [122] . Antibodies which specifically recognized hIAPP assemblies, but not monomers or amyloid fibrils, were exclusively identified in diabetic patients and were shown to neutralize the apoptotic effect induced by these oligomers, suggesting that hIAPP peptides can form highly toxic oligomers [37] . The newly identified structural epitopes may also provide new mechanistic insights and a molecular target for future therapy [37] . These antibody design approaches also can be extended to generate potent aggregation inhibitors of amyloidogenic polypeptides linked to human disease. These interesting studies provide a framework for the future design of anti-amyloid aggregation therapeutics and hold promise that drugs that protect islets from toxic IAPP oligomers and amyloids will be developed in the near future.
IAPP in neurodegenerative disorders
The most common form of aging-associated dementia is late-onset AD, a neurodegenerative disorder affecting multiple cognitive and behavioral functions [123] . Epidemiological studies have shown that patients with T2D are two to five times more likely to develop AD compared to non-diabetic individuals [124, 125] . A recent cohort study suggests that diabetes is a significant risk factor for all causes of dementia, AD, and probably vascular dementia. Two-hour plasma glucose (PG) levels, but not fasting PG levels, are closely associated with increased risk of all causes of dementia [126] . A review article describes that IAPP may constitute a "second amyloid" in neurodegenerative disorders, such as AD, and that hyperamylinemic conditions may be more relevant for the early processes of amyloid formation in the central nervous system (CNS), whereas hypoamylinemic conditions may be more strongly associated with late stages of central amyloid pathologies [127] . Hypersecretion of IAPP is observed in obese and diabetic rodent models and individuals with obesity and pre-diabetic insulin resistance [27-29, 88, 89] . Peripherally produced IAPP readily crosses the blood-brain barrier [128] . Increased peripheral secretion and central uptake of IAPP may facilitate IAPP oligomerization and eventually amyloid formation in the brain, disrupting the integrity of CNS structures and functions. The IAPP receptor is widely distributed within the CNS and IAPP and Aβ directly activate this G-protein-coupled receptor and trigger multiple common intracellular signal transduction pathways, inducing apoptotic cell death [129] . Hypoamylinemic conditions at late stages of central amyloid pathologies may increase direct activation of Aβ on this G-protein-coupled receptor. A recent study reported a genetic variant within the IAPP/SLCO1A2 genes that modified the effect of cortical Aβ deposition on AD-related cognitive impairment and temporal lobe atrophy, supporting the growing literature on the role of IAPP in AD pathophysiology [130] . Epidemiological studies have established a clear association between T2D and AD. Thus, IAPP might be an important player at the interface between T2D and AD (Fig. 5a ).
Conclusions
Progressive loss of β-cell function is central to the development and progression of T2D. The common genetic variants, suggested by GWAS as associated with T2D and the clinical risk factors of diabetes, including aging, obesity, insulin resistance, and metabolic disorders, are associated with reduced β-cell function and mass and implicated in progression to β-cell failure. A single molecule, including an IAPP molecule, could have risk effects inducing multifactorial processes via a feed-forward loop [5] . The metabolic and molecular disorders which are induced by risk factors of T2D might promote the accumulation of soluble IAPP-related molecules and toxic IAPP oligomers in β-cells, impairing function and reducing the mass though disruption of cell membranes, consequently resulting in β-cell failure. IAPP might be one of the peptides central to β-cell failure in T2D. Despite considerable progress, there are inconclusive matters, including 1) the actual mechanism of hIAPP toxicity to β-cells, especially the nature of the toxic species and the initiation site(s) of β-cell toxicity, 2) a substantiated mechanism for the increase of toxic IAPP species in T2D individuals, and 3) the development of effective clinically relevant inhibitors.
A variety of interventions, including weight loss, some oral hypoglycemic drugs, insulin preparations, and GLP-1 receptor agonists, can improve β-cell function temporarily with improved glucose control. However, existing therapy does not arrest progression of β-cell dysfunction in T2D [5] . Anti-IAPP aggregation therapeutics, which protect islets from toxic IAPP oligomers and islet amyloids, will be developed as treatments with more durable beneficial effects on β-cell function.
